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Abstract

E-glass three dimensional (3D) stitched preform composites have been developed for 
several industrial applications due to their high mechanical performance and damage 
tolerance properties. Although some in-plane properties of the stitched E-glass compos-
ite structure are slightly lower than in laminated composite, its mode-I delamination fail -
�ž�›�Ž�1�’�œ�1�’�–�™�›�˜�Ÿ�Ž�•�ï�1���‘�’�œ�1� �Š�œ�1�Š�Œ�‘�’�Ž�Ÿ�Ž�•�1�‹�¢�1�ž�œ�’�—�•�1�•�‘�Ž�1�˜�ž�•�,�˜�•�,�™�•�Š�—�Ž�1�•�’�›�Ž�Œ�•�’�˜�—�Š�•�1�œ�•�’�•�Œ�‘�Ž�•�1���‹�Ž�›�œ�ï�1
Recently, some nanoparticles as single-walled nanotubes (SWNT) or multiwalled nano-
�•�ž�‹�Ž�œ�1�û���������ü�1�˜�›�1�—�Š�—�˜���‹�Ž�›�œ�1�û�����ü�1� �Ž�›�Ž�1�Š�•�•�Ž�•�1�•�˜�1�•�‘�Ž�1�•�•�Š�œ�œ�1�•�Š�‹�›�’�Œ�1�œ�•�›�ž�Œ�•�ž�›�Ž�1�˜�›�1�œ�•�’�•�Œ�‘�Ž�•�1
preform during consolidation process. This further enhances the thermo-mechanical 
�’�–�™�Š�Œ�•�1�™�›�˜�™�Ž�›�•�’�Ž�œ�1�˜�•�1�•�‘�Ž�1���,�•�•�Š�œ�œ�1���‹�Ž�›�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�ï
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1. Introduction

���Ž�¡�•�’�•�Ž�1���‹�Ž�›�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1�‘�Š�Ÿ�Ž�1�‹�Ž�Ž�—�1�ž�œ�Ž�•�1�’�—�1�Ÿ�Š�›�’�˜�ž�œ�1�œ�™�Š�Œ�Ž�,�Š�Ž�›�˜�œ�™�Š�Œ�Ž�ð�1�‹�Š�•�•�’�œ�•�’�Œ�ð�1�’�—�•�ž�œ�•�›�’�Š�•�ð�1�Š�—�•�1
�–�Ž�•�’�Œ�Š�•�1 �Š�›�Ž�Š�œ�1 �•�ž�Ž�1 �•�˜�1 �•�‘�Ž�’�›�1 �‘�’�•�‘�1 �œ�•�’���—�Ž�œ�œ�1 �•�˜�1 � �Ž�’�•�‘�•�1 �›�Š�•�’�˜�1 �Š�—�•�1 �•�Š�–�Š�•�Ž�1 �•�˜�•�Ž�›�Š�—�Œ�Ž�1 �™�›�˜�™�Ž�›�•�’�Ž�œ�1
[1]. The most important reasons for the increased use of textile structural composites are the 
increased expectations for product performance and demand for lightweight materials in 
global markets.

���Ž�¡�•�’�•�Ž�,�‹�Š�œ�Ž�•�1 �Œ�˜�–�™�˜�œ�’�•�Ž�œ�1�Œ�˜�—�œ�’�œ�•�1 �˜�•�1 ���‹�Ž�›�œ�1� �’�•�‘�1 �‘�’�•�‘�1 �œ�•�›�Ž�—�•�•�‘�1 �Š�—�•�1 �–�˜�•�ž�•�ž�œ�1�™�›�˜�™�Ž�›�•�’�Ž�œ�ð�1 �Š�—�•�1
�–�Š�•�›�’�¡�1�–�Š�•�Ž�›�’�Š�•�œ�1�•�‘�Š�•�1�‹�˜�—�•�1�•�‘�Ž�œ�Ž�1���‹�Ž�›�œ�1�•�˜�•�Ž�•�‘�Ž�›�1�•�˜�1�™�›�˜�Ÿ�’�•�Ž�1�•�˜�Š�•�1�•�›�Š�—�œ�•�Ž�›�1�Š�—�•�1�œ�•�›�ž�Œ�•�ž�›�Š�•�1�’�—�•�Ž�•-
�›�’�•�¢�ï�1���’�‹�Ž�›�œ�1�™�›�˜�Ÿ�’�•�Ž�1�œ�•�›�Ž�—�•�•�‘�1�Š�—�•�1�œ�•�’���—�Ž�œ�œ�1�•�˜�1�•�‘�Ž�1�Œ�˜�–�™�˜�œ�’�•�Ž�1�–�Š�•�Ž�›�’�Š�•�œ�ð�1� �‘�’�•�Ž�1�•�‘�Ž�1�›�Ž�œ�’�—�œ�1�‹�Š�œ�’-
�Œ�Š�•�•�¢�1�”�Ž�Ž�™�1�•�‘�Ž�1���‹�Ž�›�œ�1�•�˜�•�Ž�•�‘�Ž�›�1�•�˜�1�•�›�Š�—�œ�•�Ž�›�1�œ�•�›�Ž�œ�œ�Ž�œ�1�‹�Ž�•� �Ž�Ž�—�1�•�‘�Ž�1���‹�Ž�›�œ�ï�1�	�•�Š�œ�œ�1���‹�Ž�›�œ�1�Š�›�Ž�1�•�‘�Ž�1�–�˜�œ�•�1
�Œ�˜�–�–�˜�—�1�˜�•�1�Š�•�•�1�›�Ž�’�—�•�˜�›�Œ�’�—�•�1���‹�Ž�›�œ�1�•�˜�›�1�™�˜�•�¢�–�Ž�›�’�Œ�1�–�Š�•�›�’�¡�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�ð�1� �‘�’�Œ�‘�1�‘�Š�Ÿ�Ž�1�•�˜� �1�Œ�˜�œ�•�ð�1�‘�’�•�‘�1
tensile strength, high chemical resistance, and excellent insulating properties [1–3].
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�	�•�Š�œ�œ�1���‹�Ž�›�œ�1�Š�›�Ž�1�ž�œ�Ž�•�1�Š�œ�1�˜�•�‘�Ž�›�1�›�Ž�’�—�•�˜�›�Œ�Ž�–�Ž�—�•�1���‹�Ž�›�œ�1�’�—�1�–�Š�—�ž�•�Š�Œ�•�ž�›�’�—�•�1�˜�•�1�•�Ž�¡�•�’�•�Ž�1�™�›�Ž�•�˜�›�–�œ�1�•�˜�›�1
�Œ�˜�–�™�˜�œ�’�•�Ž�œ�ï�1���‘�Ž�1�•�Ž�¡�•�’�•�Ž�1�™�›�Ž�•�˜�›�–�1�•�Š�‹�›�’�Œ�Š�•�’�˜�—�1�’�œ�1�•�˜�—�Ž�1�‹�¢�1� �Ž�Š�Ÿ�’�—�•�ð�1�‹�›�Š�’�•�’�—�•�ð�1�”�—�’�4�’�—�•�ð�1�Š�—�•�1�œ�•�’�•�Œ�‘-
ing and by using nonwoven techniques, and they can be chosen generally based on the end-
�ž�œ�Ž�1�›�Ž�š�ž�’�›�Ž�–�Ž�—�•�œ�ï�1���›�’�•�’�—�Š�•�•�¢�ð�1�•�‘�›�Ž�Ž�1�•�’�–�Ž�—�œ�’�˜�—�Š�•�1�û�Y���ü�1�™�›�Ž�•�˜�›�–�œ�1�Œ�Š�—�1�‹�Ž�1�Œ�•�Š�œ�œ�’���Ž�•�1�Š�Œ�Œ�˜�›�•�’�—�•�1�•�˜�1
���‹�Ž�›�1�’�—�•�Ž�›�•�Š�Œ�Ž�–�Ž�—�•�1�•�¢�™�Ž�œ�ï�1���’�–�™�•�Ž�1�Y���1�™�›�Ž�•�˜�›�–�1�Œ�˜�—�œ�’�œ�•�œ�1�˜�•�1�•� �˜�1�•�’�–�Ž�—�œ�’�˜�—�Š�•�1�û�X���ü�1�•�Š�‹�›�’�Œ�œ�1�Š�—�•�1�’�œ�1
stitched depending on stack sequence. More sophisticated 3D preforms are fabricated by spe-
cially designed automated loom and manufactured to near-net shape to reduce scrap [4–6].

���—�1 �™�˜�•�¢�–�Ž�›�’�Œ�1 �–�Š�•�Ž�›�’�Š�•�œ�ð�1 �•�‘�Ž�1 �ž�œ�Ž�1 �˜�•�1 �˜�›�•�Š�—�’�Œ�1 �Š�—�•�1 �’�—�˜�›�•�Š�—�’�Œ�1 ���•�•�Ž�›�œ�1 �‘�Š�œ�1 �‹�Ž�Œ�˜�–�Ž�1 �Ÿ�Ž�›�¢�1 �Œ�˜�–�–�˜�—�ï�1
Polymer composites are used commercially in various areas such as construction and civil 
�Ž�—�•�’�—�Ž�Ž�›�’�—�•�ð�1 �Š�ž�•�˜�–�˜�‹�’�•�Ž�1 �Œ�˜�–�™�˜�—�Ž�—�•�œ�ð�1 �Š�—�•�1 �œ�™�˜�›�•�œ�1 �Ž�š�ž�’�™�–�Ž�—�•�ï�1 ���Ÿ�Ž�›�1 �•�‘�Ž�1 �™�Š�œ�•�1 �X�V�1 �¢�Ž�Š�›�œ�ð�1 �•�›�Ž�Š�•�1
�’�–�™�˜�›�•�Š�—�Œ�Ž�1 �‘�Š�œ�1 �‹�Ž�Ž�—�1 �Š�4�Š�Œ�‘�Ž�•�1 �•�˜�1 �•�‘�Ž�1 �•�Ž�Ÿ�Ž�•�˜�™�–�Ž�—�•�1 �˜�•�1 �™�˜�•�¢�–�Ž�›�’�Œ�1 �—�Š�—�˜�Œ�˜�–�™�˜�œ�’�•�Ž�œ�ï�1 ���—�1 �—�Š�—�˜-
�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1� �‘�Ž�›�Ž�1�Š�•�1�•�Ž�Š�œ�•�1�˜�—�Ž�1�˜�•�1�•�‘�Ž�1�Œ�˜�–�™�˜�—�Ž�—�•�œ�1�’�œ�1�’�—�1�•�‘�Ž�1�—�Š�—�˜�–�Ž�•�Ž�›�1�›�Š�—�•�Ž�ð�1�•�‘�Ž�1���—�Š�•�1�™�›�˜�•�ž�Œ�•�1
is in micro- or macrosize. In addition, advances in computer technology have facilitated the 
characterization of nanomaterials and their estimation through modeling and simulations [ 7].

���‘�’�œ�1�Œ�‘�Š�™�•�Ž�›�1�•�Ž�Š�•�œ�1� �’�•�‘�1�Š�™�™�•�’�Œ�Š�•�’�˜�—�œ�1�˜�•�1�•�•�Š�œ�œ�1���‹�Ž�›�œ�1�’�—�1�Y���1�™�›�Ž�•�˜�›�–�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�ï�1���‘�Ž�1�•�Š�‹�›�’�Œ�Š�•�’�˜�—�ð�1
�Œ�•�Š�œ�œ�’���Œ�Š�•�’�˜�—�ð�1�Š�—�•�1�™�›�˜�™�Ž�›�•�’�Ž�œ�1�˜�•�1�•�•�Š�œ�œ�1���‹�Ž�›�œ�1� �Ž�›�Ž�1�’�—�•�›�˜�•�ž�Œ�Ž�•�ï�1���¢�™�Ž�œ�1�˜�•�1�–�Š�•�›�’�¡�1�Š�—�•�1�™�›�˜�™�Ž�›�•�’�Ž�œ�1
�˜�•�1�ž�œ�Ž�•�1�—�Š�—�˜���•�•�Ž�›�œ�1�’�—�1�•�Ž�¡�•�’�•�Ž�,�‹�Š�œ�Ž�•�1�™�˜�•�¢�–�Ž�›�’�Œ�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1�’�—�1�•�‘�Ž�1�•�˜�›�–�1�˜�•�1�œ�™�‘�Ž�›�Ž�ð�1�•�ž�‹�Ž�œ�ð�1�Š�—�•�1
���‹�Ž�›�œ�1� �Ž�›�Ž�1�Ž�¡�™�•�Š�’�—�Ž�•�ï�1�X���1�Š�—�•�1�Y���1�•�Š�‹�›�’�Œ�1�•�˜�›�–�œ�1�˜�•�1�•�•�Š�œ�œ�1���‹�Ž�›�œ�1� �Ž�›�Ž�1�›�Ž�Ÿ�’�Ž� �Ž�•�1�Ž�œ�™�Ž�Œ�’�Š�•�•�¢�1�Œ�˜�—-
sidering the 3D stitched composite. Basic fabrication methods of composites were provided. 
���Ž�Œ�‘�Š�—�’�Œ�Š�•�1�™�›�˜�™�Ž�›�•�’�Ž�œ�1�Š�—�•�1�•�Š�’�•�ž�›�Ž�1�–�˜�•�Ž�œ�1�˜�•�1�•�•�Š�œ�œ�1���‹�Ž�›�.�›�Ž�’�—�•�˜�›�Œ�Ž�•�1�Y���1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1� �Ž�›�Ž�1�•�’�œ-
cussed by considering the special application areas.

�X�ï�1�	�•�Š�œ�œ�1���‹�Ž�›�œ�ð�1�–�Š�•�›�’�¡�ð�1�Š�—�•�1�—�Š�—�˜�Š�•�•�’�•�’�Ÿ�Ž�œ

�X�ï�W�ï�1�	�•�Š�œ�œ�1���‹�Ž�›�œ

�	�•�Š�œ�œ�1�Œ�Š�—�1�‹�Ž�1���—�Ž�•�¢�1�œ�™�ž�—�1�’�—�•�˜�1���‹�Ž�›�œ�1�•�‘�Š�•�1�Š�›�Ž�1�™�•�’�Š�‹�•�Ž�1�•�˜�1�‹�Ž�1� �˜�Ÿ�Ž�—�1�’�—�•�˜�1�•�Ž�¡�•�’�•�Ž�œ�ï�1�	�•�Š�œ�œ�¢�1�–�Š�•�Ž�›�’-
als, above their glass transition temperature, Tg, show Newtonian viscosity, i.e., the stress is 
�™�›�˜�™�˜�›�•�’�˜�—�Š�•�1�•�˜�1�•�‘�Ž�1�œ�•�›�Š�’�—�1�›�Š�•�Ž�ï�1���‘�’�œ�1�™�›�˜�™�Ž�›�•�¢�1�’�œ�1�Ž�¡�™�•�˜�’�•�Ž�•�1�’�—�1�•�‘�Ž�1�•�›�Š� �’�—�•�1�˜�•�1�•�•�Š�œ�œ�1�’�—�•�˜�1���‹�Ž�›�1
and planar forms [ 8�þ�ï�1�	�•�Š�œ�œ�1���‹�Ž�›�œ�1�Š�›�Ž�1�ž�œ�Ž�•�1�’�—�1�–�Š�—�ž�•�Š�Œ�•�ž�›�’�—�•�1�œ�•�›�ž�Œ�•�ž�›�Š�•�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�ð�1�™�›�’�—�•�Ž�•�1
circuit boards, and a wide range of special-purpose products [9�þ�ï�1�	�•�Š�œ�œ�1���‹�Ž�›�1�–�Š�—�ž�•�Š�Œ�•�ž�›�’�—�•�1
is the high-temperature conversion of various raw materials, which are predominantly boro -
�œ�’�•�’�Œ�Š�•�Ž�ð�1�’�—�•�˜�1�Š�1�‘�˜�–�˜�•�Ž�—�Ž�˜�ž�œ�1�–�Ž�•�•�ð�1�•�˜�•�•�˜� �Ž�•�1�‹�¢�1�•�‘�Ž�1�•�Š�‹�›�’�Œ�Š�•�’�˜�—�1�˜�•�1�•�‘�’�œ�1�–�Ž�•�•�1�’�—�•�˜�1�•�•�Š�œ�œ�1���‹�Ž�›�œ�1
[�W�V�þ�ï�1���‘�Ž�1�–�˜�œ�•�1�’�–�™�˜�›�•�Š�—�•�1�–�Ž�•�•�1�™�›�˜�™�Ž�›�•�’�Ž�œ�1�˜�•�1���‹�Ž�›�•�•�Š�œ�œ�1�–�Ž�•�•�œ�1�Š�›�Ž�1�•�‘�Ž�1���‹�Ž�›�,�•�˜�›�–�’�—�•�1�Ÿ�’�œ�Œ�˜�œ�’�•�¢�ð�1
�•�‘�Ž�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1�Š�•�1� �‘�’�Œ�‘�1���‹�Ž�›�œ�1�Š�›�Ž�1�•�˜�›�–�Ž�•�ð�1�Š�—�•�1�•�‘�Ž�1�•�’�š�ž�’�•�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1�Š�•�1� �‘�’�Œ�‘�1�Œ�›�¢�œ�•�Š�•�œ�1�Œ�Š�—�1
form within hours and remain in equilibrium with the melt [ 11]. The basic component of glass 
���‹�Ž�›�œ�1�’�œ�1�œ�’�•�’�Œ�Š�1�û�œ�’�•�’�Œ�˜�—�1�•�’�˜�¡�’�•�Ž�1�û���’���X)) derived from ordinary sand, and the viscous melts can 
�‹�Ž�1�œ�•�›�˜�—�•�1�–�Ž�•�•�œ�1�•�¢�™�’�Œ�Š�•�•�¢�1�Œ�˜�—�•�Š�’�—�’�—�•�1�[�V�.�W�V�V�–�1���’���X�1�Š�—�•�1�V�.�X�[�–�1���•�XO3 [�W�X, 13]. The continuous 
���‹�Ž�›�œ�1�Š�›�Ž�1 �™�›�˜�•�ž�Œ�Ž�•�1 �ž�œ�’�—�•�1 �‹�ž�œ�‘�’�—�•�œ�ð�1 � �‘�’�Œ�‘�1 �‘�Š�Ÿ�Ž�1 �Š�1 �•�Ž� �1 �‘�ž�—�•�›�Ž�•�1 �•�˜�1 �œ�Ž�Ÿ�Ž�›�Š�•�1 �•�‘�˜�ž�œ�Š�—�•�1 �œ�–�Š�•�•�1
�•�ž�‹�Ž�œ�1�˜�•�1�•�‘�Ž�1�‹�ž�œ�‘�’�—�•�ï�1���—�Ž�1���‹�Ž�›�1�’�œ�1�™�›�˜�•�ž�Œ�Ž�•�1�•�›�˜�–�1�Ž�Š�Œ�‘�1�•�’�™�ï�1���‘�Ž�1�•�Ž�–�™�Ž�›�Š�•�ž�›�Ž�1�˜�•�1�•�‘�Ž�1�•�•�Š�œ�œ�1�Ž�¡�’�•-
�’�—�•�1�•�’�™�1�’�œ�1�•�¢�™�’�Œ�Š�•�•�¢�1�’�—�1�•�‘�Ž�1�›�Š�—�•�Ž�1�˜�•�1�W�W�[�V�.�W�Y�V�V�Ú���ð�1�•�Ž�™�Ž�—�•�’�—�•�1�ž�™�˜�—�1�•�‘�Ž�1�Œ�˜�–�™�˜�œ�’�•�’�˜�—�1�˜�•�1�•�‘�Ž�1�•�•�Š�œ�œ�ï�1
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���‘�Ž�1�•�•�Š�œ�œ�1� �’�•�•�1�—�˜�›�–�Š�•�•�¢�1���˜� �1�˜�ž�•�1�˜�•�1�•�‘�Ž�1�‹�ž�œ�‘�’�—�•�1�ž�—�•�Ž�›�1�•�‘�Ž�1�•�˜�›�Œ�Ž�1�˜�•�1�•�›�Š�Ÿ�’�•�¢�1�’�—�•�˜�1���‹�Ž�›�œ�1�˜�—�1�•�‘�Ž�1
�˜�›�•�Ž�›�1�˜�•�1�W�1�–�–�1�•�’�Š�–�Ž�•�Ž�›�ï�1���‘�Ž�1���—�Š�•�1�•�’�Š�–�Ž�•�Ž�›�1�˜�•�1�•�‘�Ž�1�•�•�Š�œ�œ�1���‹�Ž�›�1�’�œ�1�Š�1�œ�•�›�˜�—�•�1�•�ž�—�Œ�•�’�˜�—�1�˜�•�1�•�‘�Ž�1�•�Ž�—�œ�’�˜�—�1
�Š�™�™�•�’�Ž�•�1�•�˜�1�•�‘�Ž�1���‹�Ž�›�1�Š�œ�1�’�•�1�’�œ�1�‹�Ž�’�—�•�1�•�›�Š� �—�1�ý14]. Figure 1�1�œ�‘�˜� �œ�1�•�‘�Ž�1�–�Š�—�ž�•�Š�Œ�•�ž�›�’�—�•�1�˜�•�1�•�•�Š�œ�œ�1���‹�Ž�›�œ�1
�Š�—�•�1�œ�˜�–�Ž�1�™�›�˜�•�ž�Œ�Ž�•�1�•�•�Š�œ�œ�1���‹�Ž�›�1�•�˜� �œ�1�ý15, 16].

���‘�Ž�1 �Œ�˜�–�™�˜�œ�’�•�’�˜�—�œ�1 �˜�•�1 �•�‘�Ž�1 �•�•�Š�œ�œ�1 ���‹�Ž�›�œ�1 �Ÿ�Š�›�¢�1 �•�Ž�™�Ž�—�•�’�—�•�1 �˜�—�1 �•�•�Š�œ�œ�1 �•�¢�™�Ž�œ�1 �û���,�•�•�Š�œ�œ�ð�1 ���,�•�•�Š�œ�œ�ð�1 �˜�›�1
���,�•�•�Š�œ�œ�ü�ï�1���˜�›�Ž�1�•�‘�Š�—�1�_�_�–�1�˜�•�1�Œ�˜�—�•�’�—�ž�˜�ž�œ�1�•�•�Š�œ�œ�1���‹�Ž�›�œ�1�Š�›�Ž�1�œ�™�ž�—�1�•�›�˜�–�1�Š�—�1���,�•�•�Š�œ�œ�1�ý17]. The remain-
�’�—�•�1�•�•�Š�œ�œ�1���‹�Ž�›�œ�1�Š�›�Ž�1�™�›�Ž�–�’�ž�–�1�œ�™�Ž�Œ�’�Š�•�,�™�ž�›�™�˜�œ�Ž�1�™�›�˜�•�ž�Œ�•�œ�1�ý18]. Table 1�1�™�›�Ž�œ�Ž�—�•�œ�1�•�‘�Ž�1�•�•�Š�œ�œ�1���‹�Ž�›�1
types with short explanations [19].

���‘�Ž�1 �™�‘�¢�œ�’�Œ�Š�•�1 �™�›�˜�™�Ž�›�•�’�Ž�œ�1 �˜�•�1 �•�•�Š�œ�œ�1 ���‹�Ž�›�œ�1 �Š�›�Ž�1 �Š���Ž�Œ�•�Ž�•�1 �‹�¢�1 �•�‘�Ž�1 �Œ�˜�–�™�˜�œ�’�•�’�˜�—�œ�ï�1 ���‘�Ž�1 �•� �˜�1 �•�¢�™�Ž�œ�1 �˜�•�1
�•�•�Š�œ�œ�1���‹�Ž�›�œ�1 �Œ�˜�–�–�˜�—�•�¢�1 �ž�œ�Ž�•�1 �’�—�1�•�‘�Ž�1 ���‹�Ž�›�,�›�Ž�’�—�•�˜�›�Œ�Ž�•�1 �™�•�Š�œ�•�’�Œ�1�’�—�•�ž�œ�•�›�¢�1 �Š�›�Ž�1 ���,�•�•�Š�œ�œ�1�Š�—�•�1 ���,�•�•�Š�œ�œ�1
[�X�þ�ï�1���‘�Ž�›�Ž�•�˜�›�Ž�ð�1�•�‘�Ž�1�™�‘�¢�œ�’�Œ�Š�•�1�™�›�˜�™�Ž�›�•�’�Ž�œ�1�˜�•�1�•�‘�Ž�œ�Ž�1���‹�Ž�›�œ�1�Š�›�Ž�1�•�Ž�—�Ž�›�Š�•�•�¢�1�•�’�œ�Œ�ž�œ�œ�Ž�•�ï�1���‘�Ž�1�•�Ž�—�œ�’�•�’�Ž�œ�1�˜�•�1
���,�•�•�Š�œ�œ�1�Š�—�•�1���X�,�•�•�Š�œ�œ�1���‹�Ž�›�œ�1�Š�›�Ž�1�X�ï�[�^�1�•�&�Œ�–3�1�Š�—�•�1�X�ï�Z�\�1�•�&�Œ�–3, respectively. The softening points of 
���,�•�•�Š�œ�œ�1�Š�—�•�1���X�,�•�•�Š�œ�œ�1�Š�›�Ž�1�^�Z�\�Ú���1�Š�—�•�1�W�V�[�\�Ú���ð�1�›�Ž�œ�™�Ž�Œ�•�’�Ÿ�Ž�•�¢�ï�1���‘�Ž�1�•�Ž�—�œ�’�•�Ž�1�œ�•�›�Ž�—�•�•�‘�œ�1�Š�—�•�1�–�˜�•�ž�•�ž�œ�1
�Š�›�Ž�1�Y�Y�Z�[�1�����Š�1�Š�—�•�1�]�X�ï�Y�1�	���Š�1�•�˜�›�1���,�•�•�Š�œ�œ�1�Š�—�•�1�Z�^�_�V�1�����Š�1�Š�—�•�1�^�\�ï�_�1�	���Š�1�•�˜�›�1���X�,�•�•�Š�œ�œ�ð�1� �‘�’�•�Ž�1�•�‘�Ž�1
�Ž�•�˜�—�•�Š�•�’�˜�—�œ�1�Š�›�Ž�1�Z�ï�^�1�Š�—�•�1�[�ï�]�–�ð�1�›�Ž�œ�™�Ž�Œ�•�’�Ÿ�Ž�•�¢�1�ý19]. Scanning electron microscope (SEM) views of 
���,�•�•�Š�œ�œ�1���‹�Ž�›�1�Š�—�•�1�•�˜� �1�Š�›�Ž�1�œ�‘�˜� �—�1�’�—�1Figure 2 [�X�V].

�X�ï�X�ï�1���Š�•�›�’�¡

���˜�•�¢�–�Ž�›�,�‹�Š�œ�Ž�•�1�–�Š�•�›�’�¡�1�–�Š�•�Ž�›�’�Š�•�œ�1�Š�›�Ž�1�‹�Š�œ�’�Œ�Š�•�•�¢�1�Œ�•�Š�œ�œ�’���Ž�•�1�’�—�•�˜�1�•� �˜�1�–�Š�’�—�1�•�›�˜�ž�™�œ�1�Š�œ�1�•�‘�Ž�›�–�˜-
set and thermoplastic. In general, thermoset polymeric resins have a widespread use in 
���‹�Ž�›�,�›�Ž�’�—�•�˜�›�Œ�Ž�•�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�ï�1���‘�Ž�1���‹�Ž�›�œ�1�Š�›�Ž�1�Š�™�™�•�’�Ž�•�1� �’�•�‘�1�•�‘�Ž�œ�Ž�1�›�Ž�œ�’�—�œ�1�ž�œ�’�—�•�1�•�‘�Ž�1�›�Ž�œ�’�—�1�•�›�Š�—�œ�•�Ž�›�1
molding or recently vacuum-assisted resin transfer molding techniques. During process -
�’�—�•�ð�1�•�‘�Ž�1�Ÿ�’�œ�Œ�˜�œ�’�•�¢�1�˜�•�1�•�‘�Ž�1�™�˜�•�¢�–�Ž�›�1�’�œ�1�•�˜� �1�•�ž�›�’�—�•�1�•�‘�Ž�1�’�—�•�Ž�›�Š�Œ�•�’�˜�—�1�˜�•�1�•�‘�Ž�1���‹�Ž�›�1� �’�•�‘�1�•�‘�Ž�1�–�Š�•�›�’�¡�ï�1

Figure 1. �û�Š�ü�1���›�Š� �’�—�•�1�˜�•�1�•�•�Š�œ�œ�1���•�Š�–�Ž�—�•�œ�1�Š�—�•�1�û�‹�ü�1�•�•�Š�œ�œ�1�•�˜� �œ�1[15, 16].
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���‘�’�œ�1�™�›�˜�Ÿ�’�•�Ž�œ�1�•�˜�˜�•�1� �Ž�4�’�—�•�1�™�›�˜�™�Ž�›�•�’�Ž�œ�1�‹�Ž�•� �Ž�Ž�—�1�•�‘�Ž�1���‹�Ž�›�1�Š�—�•�1�•�‘�Ž�1�–�Š�•�›�’�¡�1� �’�•�‘�˜�ž�•�1�Š�—�¢�1�Š�•�•�’-
tional high temperature or pressure. However, the low strain properties of thermoset resins 
reduce the impact strength of the composites. The most widely used thermoset resins are 
epoxy, polyester, phenolic, and vinyl ester [ 1, �X, �X�W].

There is a growing interest in development and production of the thermoplastic polymer–
based composites. The reason of this interest is the ability of thermoplastic composites to form 
�Š�—�•�1�›�Ž�–�˜�•�•�1�Ž�Š�œ�’�•�¢�1�’�—�1�œ�‘�˜�›�•�Ž�›�1�™�›�˜�Œ�Ž�œ�œ�1�•�’�–�Ž�œ�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1�•�‘�Ž�›�–�˜�œ�Ž�•�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�ï�1���ž�›�•�‘�Ž�›�–�˜�›�Ž�ð�1
thermoplastic composites provide high fracture toughness, damage tolerance, and microcrack 
resistance [�X�X, �X�Y�þ�ï�1���‘�Ž�›�–�˜�™�•�Š�œ�•�’�Œ�1�›�Ž�œ�’�—�œ�1�Š�›�Ž�1�Š�‹�˜�ž�•�1�[�V�V�.�W�V�V�V�1�•�’�–�Ž�œ�1�–�˜�›�Ž�1�Ÿ�’�œ�Œ�˜�ž�œ�1�•�‘�Š�—�1�•�‘�Ž�›�–�˜-
�œ�Ž�•�1�›�Ž�œ�’�—�œ�ï�1���‘�’�œ�1�›�Ž�œ�•�›�’�Œ�•�œ�1�•�‘�Ž�1�’�—�•�ž�œ�’�˜�—�1�•�Ž�—�•�Ž�—�Œ�¢�1�˜�•�1�›�Ž�œ�’�—�œ�1�•�˜�1���‹�Ž�›�œ�ï�1���—�1�Š�•�•�’�•�’�˜�—�ð�1�•�‘�Ž�1�—�Ž�Ž�•�1�•�˜�›�1�‘�’�•�‘�1
pressures in thermoplastic composite process is also considered as another limiting factor. 
Semicrystalline thermoplastic polymers such as polyether ether ketone (PEEK), polyphenyl-
�Ž�—�Ž�1�œ�ž�•���•�Ž�1�û�������ü�ð�1�Š�—�•�1�•�’�š�ž�’�•�,�Œ�›�¢�œ�•�Š�•�1�™�˜�•�¢�–�Ž�›�œ�1�û�������ü�1�Š�›�Ž�1�–�Š�’�—�•�¢�1�ž�œ�Ž�•�1�’�—�1�Š�Ÿ�’�Š�•�’�˜�—�1�•�ž�Ž�1�•�˜�1�•�‘�Ž�’�›�1

Figure 2.�1�������1�Ÿ�’�Ž� �œ�1�˜�•�1���,�•�•�Š�œ�œ�1���‹�Ž�›�1�Š�—�•�1�•�˜� �ï�1�û�Š�ü�1���,�•�•�Š�œ�œ�1���‹�Ž�›�1�Š�—�•�1�û�‹�ü�1���,�•�•�Š�œ�œ�1�•�˜� �1�ý�X�V].

Type Description

A glass �
�’�•�‘�1�Š�•�”�Š�•�’�1�•�•�Š�œ�œ�/�]�X�.�]�[�–�1�œ�’�•�’�Œ�Š�ð�1�V�.�\�1�Š�•�ž�–�’�—�Š�ð�1�Š�—�•�1�V�.�\�1�‹�˜�›�˜�—�1�˜�¡�’�•�Ž�1�Œ�˜�—�•�Ž�—�•�ï�1���˜�˜�›�1�›�Ž�œ�’�œ�•�Š�—�Œ�Ž�1�•�˜�1�‘�Ž�Š�•�ï�1���œ�Ž�•�1
for windows, containers, light bulbs, tableware, etc.

���1�•�•�Š�œ�œ ���‘�Ž�–�’�Œ�Š�•�1�•�•�Š�œ�œ�/�\�Z�.�]�^�–�1�œ�’�•�’�Œ�Š�ð�1�Y�.�[�–�1�Š�•�ž�–�’�—�Š�ð�1�Š�—�•�1�Z�.�\�–�1�‹�˜�›�˜�—�1�˜�¡�’�•�Ž�1�Œ�˜�—�•�Ž�—�•�ï�1���–�™�›�˜�Ÿ�Ž�•�1�•�ž�›�Š�‹�’�•�’�•�¢�1�Š�—�•�1
corrosion resistance. �	�•�Š�œ�œ�1�œ�•�Š�™�•�Ž�1���‹�Ž�›�œ�1�•�˜�›�1�–�Š�”�’�—�•�1�•�•�Š�œ�œ�1�–�Š�•�œ�ï

D glass ���’�Ž�•�Ž�Œ�•�›�’�Œ�1�•�•�Š�œ�œ�/�]�X�.�]�[�–�1�œ�’�•�’�Œ�Š�ð�1�V�.�W�1�Š�•�ž�–�’�—�Š�ð�1�Š�—�•�1�X�W�.�X�Z�–�1�‹�˜�›�˜�—�1�˜�¡�’�•�Ž�1�Œ�˜�—�•�Ž�—�•�ï�1���–�™�›�˜�Ÿ�Ž�•�1�•�’�Ž�•�Ž�Œ�•�›�’�Œ�1�œ�•�›�Ž�—�•�•�‘�1
and low density. Improved electrical performance.

E glass ���•�Ž�Œ�•�›�’�Œ�Š�•�•�¢�1�›�Ž�œ�’�œ�•�Š�—�•�1�•�•�Š�œ�œ�/�[�X�.�[�\�–�1�œ�’�•�’�Œ�Š�ð�1�W�X�.�W�\�–�1�Š�•�ž�–�’�—�Š�ð�1�Š�—�•�1�[�.�W�V�–�1�‹�˜�›�˜�—�1�˜�¡�’�•�Ž�1�Œ�˜�—�•�Ž�—�•�ï�1���œ�Ž�•�1�’�—�1�•�•�Š�œ�œ�1
�›�Ž�’�—�•�˜�›�Œ�Ž�•�1�™�•�Š�œ�•�’�Œ�œ�1�Š�œ�1�•�Ž�—�Ž�›�Š�•�,�™�ž�›�™�˜�œ�Ž�1���‹�Ž�›�œ�1� �‘�Ž�›�Ž�1�œ�•�›�Ž�—�•�•�‘�1�Š�—�•�1�‘�’�•�‘�1�Ž�•�Ž�Œ�•�›�’�Œ�Š�•�1�›�Ž�œ�’�œ�•�’�Ÿ�’�•�¢�1�Š�›�Ž�1�›�Ž�š�ž�’�›�Ž�•�ï

�������1
glass

���˜�•�’���Ž�•�1�������1�•�•�Š�œ�œ�/�[�Z�.�\�X�–�1�œ�’�•�’�Œ�Š�1�Š�—�•�1�_�.�W�[�–�1�Š�•�ž�–�’�—�Š�1�Œ�˜�—�•�Ž�—�•�ï�1���ž�™�Ž�›�’�˜�›�1�•�˜�—�•�,�•�Ž�›�–�1�›�Ž�œ�’�œ�•�Š�—�Œ�Ž�1�•�˜�1�œ�•�›�Š�’�—�1�Œ�›�Š�Œ�”�1
corrosion in acid conditions.

AR 
glass

���•�”�Š�•�’�,�›�Ž�œ�’�œ�•�Š�—�•�1�•�•�Š�œ�œ�/�[�[�.�]�[�–�1�œ�’�•�’�Œ�Š�1�Š�—�•�1�W�.�W�^�–�1�£�’�›�Œ�˜�—�’�ž�–�1�Œ�˜�—�•�Ž�—�•�ï�1���œ�Ž�•�1�’�—�1�Œ�Ž�–�Ž�—�•�1�œ�ž�‹�œ�•�›�Š�•�Ž�œ�1�Š�—�•�1�Œ�˜�—�Œ�›�Ž�•�Ž�ï

R glass �[�[�.�\�V�–�1�œ�’�•�’�Œ�Š�1�Š�—�•�1�X�Y�.�X�^�–�1�Š�•�ž�–�’�—�Š�1�Œ�˜�—�•�Ž�—�•�ï�1�
�’�•�‘�,�œ�•�›�Ž�—�•�•�‘�ð�1�‘�’�•�‘�,�–�˜�•�ž�•�ž�œ�1�Š�•�1�Š�1�•�˜� �Ž�›�1�Œ�˜�œ�•�1�•�‘�Š�—�1�������1�•�•�Š�œ�œ�ï

���X�1�•�•�Š�œ�œ �\�Z�.�\�\�–�1�œ�’�•�’�Œ�Š�ð�1�X�Z�.�X�[�–�1�Š�•�ž�–�’�—�Š�ð�1�Š�—�•�1�_�ï�[�.�W�V�–�1�–�Š�•�—�Ž�œ�’�ž�–�1�˜�¡�’�•�Ž�1�û�Z�V�–�1�‘�’�•�‘�Ž�›�1�•�‘�Š�—�1���,�•�•�Š�œ�œ�ü�1�Œ�˜�—�•�Ž�—�•�ï�1
Developed for aerospace applications.

Table 1.�1�	�•�Š�œ�œ�1���‹�Ž�›�1�•�¢�™�Ž�œ�1�Š�—�•�1�œ�˜�–�Ž�1�˜�•�1�•�‘�Ž�’�›�1�™�‘�¢�œ�’�Œ�Š�•�1�Š�—�•�1�Œ�‘�Ž�–�’�Œ�Š�•�1�œ�™�Ž�Œ�’���Œ�Š�•�’�˜�—�œ�1�ý19].
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mechanical and chemical resistance at relatively high temperatures. Some other thermoplastic 
polymers such as polypropylene(PP), acrylonitrile butadiene styrene (ABS), and polyamide 
�û�����ü�1���—�•�1�ž�œ�Ž�1�’�—�1�•�‘�Ž�1�Š�ž�•�˜�–�˜�•�’�Ÿ�Ž�1�’�—�•�ž�œ�•�›�¢�ï�1�����1�‘�Š�œ�1�Š�1�Ÿ�Ž�›�¢�1�Œ�˜�–�–�˜�—�1�ž�œ�Ž�1�’�—�1�•�‘�Ž�1�™�›�˜�•�ž�Œ�•�’�˜�—�1�˜�•�1�•�‘�Ž�›-
�–�˜�™�•�Š�œ�•�’�Œ�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1�•�ž�Ž�1�•�˜�1�’�•�œ�1�•�˜� �1�Œ�˜�œ�•�ð�1�‘�’�•�‘�1�œ�™�Ž�Œ�’���Œ�1�™�›�˜�™�Ž�›�•�’�Ž�œ�ð�1�Š�—�•�1�›�Ž�ž�œ�Š�‹�’�•�’�•�¢�1�ý�X�Z, �X�[]. The 
properties of some of the thermoset and thermoplastic resins are presented in Table 2 [�X�W].

Polyesters are used extensively in continuous and discontinuous composites and they are rel-
�Š�•�’�Ÿ�Ž�•�¢�1�’�—�Ž�¡�™�Ž�—�œ�’�Ÿ�Ž�1� �’�•�‘�1�™�›�˜�Œ�Ž�œ�œ�’�—�•�1���Ž�¡�’�‹�’�•�’�•�¢�ï�1���‘�Ž�¢�1�Š�›�Ž�1�Œ�ž�›�Ž�•�1�‹�¢�1�Š�•�•�’�•�’�˜�—�1�›�Ž�Š�Œ�•�’�˜�—�œ�1�’�—�1� �‘�’�Œ�‘�1
�ž�—�œ�Š�•�ž�›�Š�•�Ž�•�1�Œ�Š�›�‹�˜�—�,�Œ�Š�›�‹�˜�—�1�•�˜�ž�‹�•�Ž�1�‹�˜�—�•�œ�1�û��� ���ü�1�Š�›�Ž�1�•�‘�Ž�1�•�˜�Œ�Š�•�’�˜�—�œ�1� �‘�Ž�›�Ž�1�Œ�›�˜�œ�œ�,�•�’�—�”�’�—�•�1�˜�Œ�Œ�ž�›�œ�ï�1
Typical polyester consists of at least three ingredients: a polyester, a cross-linking agent such 
as styrene, and an initiator, usually a peroxide, such as methyl ethyl ketone peroxide (MEKP). 
One of the main advantages of polyesters is that they can be formulated to cure at either room 
temperature or elevated temperatures, allowing great versatility in their processing. Epoxies 
�Š�›�Ž�1�‘�’�•�‘�,�™�Ž�›�•�˜�›�–�Š�—�Œ�Ž�1�–�Š�•�›�’�¡�1�œ�¢�œ�•�Ž�–�œ�1�•�˜�›�1�™�›�’�–�Š�›�’�•�¢�1�Œ�˜�—�•�’�—�ž�˜�ž�œ�1���‹�Ž�›�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1�Š�—�•�1�‘�Š�Ÿ�Ž�1�‹�Ž�•-
ter high-temperature performance than polyesters and vinyl esters. Epoxies are used in resin 
�•�›�Š�—�œ�•�Ž�›�1�–�˜�•�•�’�—�•�ð�1���•�Š�–�Ž�—�•�1� �’�—�•�’�—�•�ð�1�™�ž�•�•�›�ž�œ�’�˜�—�ð�1�‘�Š�—�•�1�•�Š�¢�ž�™�ð�1�Š�—�•�1�˜�•�‘�Ž�›�1�™�›�˜�Œ�Ž�œ�œ�Ž�œ�1� �’�•�‘�1�Ÿ�Š�›�’�˜�ž�œ�1
�‘�’�•�‘�,�–�˜�•�ž�•�ž�œ�1 �Š�—�•�1 �‘�’�•�‘�,�œ�•�›�Ž�—�•�•�‘�1 ���‹�Ž�›�œ�ï�1 ���‘�Ž�1 �™�›�˜�™�Ž�›�•�’�Ž�œ�1 �˜�•�1 �•�‘�Ž�1 �›�Ž�œ�ž�•�•�Š�—�•�1 �›�Ž�œ�’�—�œ�1 �Š�›�Ž�1 �œ�•�›�˜�—�•�•�¢�1
dependent on the cross-linking [ �X, 3]. Vinyl esters are similar to polyesters but are tougher and 
�‘�Š�Ÿ�Ž�1�‹�Ž�4�Ž�›�1�–�˜�’�œ�•�ž�›�Ž�1�›�Ž�œ�’�œ�•�Š�—�Œ�Ž�1�ý�X, �X�\].

�X�ï�Y�ï�1���Š�—�˜�Š�•�•�’�•�’�Ÿ�Ž�œ

���Š�—�˜�™�Š�›�•�’�Œ�•�Ž�œ�1�‘�Š�Ÿ�Ž�1�‹�Ž�Ž�—�1�’�•�Ž�—�•�’���Ž�•�1�’�—�1�•�‘�Ž�1�•�Š�œ�•�1�•�Ž�Œ�Š�•�Ž�1�Š�œ�1�Š�—�1�’�–�™�˜�›�•�Š�—�•�1�Œ�•�Š�œ�œ�1�˜�•�1�–�Š�•�Ž�›�’�Š�•�œ�1�•�˜�›�1
various emerging applications in optics, electronics, or the biomedical area. Many of the 
potential applications are based on two major changes when the scale of material structures 
decreased. These are the high surface-to-volume ratio and the improvement of the electronic 
properties [ �X�]�þ�ï�1���Š�—�˜�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1�Œ�Š�—�1�‹�Ž�1�•�Ž�œ�Œ�›�’�‹�Ž�•�1�Š�œ�1�™�Š�›�•�’�Œ�•�Ž�,���•�•�Ž�•�1�™�˜�•�¢�–�Ž�›�œ�1�’�—�1� �‘�’�Œ�‘�1�Š�•�1�•�Ž�Š�œ�•�1
one of the components is in nanometer dimensions [�X�]̂. The investigation of fullerenes (nano-
�œ�™�‘�Ž�›�Ž�ü�1�Š�—�•�1�Œ�Š�›�‹�˜�—�1�—�Š�—�˜�•�ž�‹�Ž�œ�1�û�������ü�1�‘�Š�œ�1�˜�™�Ž�—�Ž�•�1�Š�1�•�˜�•�Š�•�•�¢�1�—�Ž� �1� �’�—�•�˜� �1�•�˜�›�1�•�‘�Ž�1�•�Ž�Ÿ�Ž�•�˜�™�–�Ž�—�•�1
of polymer matrix composites with novel properties and applications [ �X�_�þ�ï�1���Š�—�˜���•�•�Ž�›�œ�1�‘�Š�Ÿ�Ž�1
a considerable potential in improving the properties of polymeric composites [ �Y�V, 31]. The 
�œ�•�’���—�Ž�œ�œ�ð�1�•�˜�ž�•�‘�—�Ž�œ�œ�ð�1�Š�—�•�1�Š�‹�›�Š�œ�’�˜�—�1�›�Ž�œ�’�œ�•�Š�—�Œ�Ž�1�˜�•�1�—�Š�—�˜�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1�•�Ž�™�Ž�—�•�1�˜�—�1�•�‘�Ž�1�œ�’�£�Ž�ð�1�œ�‘�Š�™�Ž�ð�1
�›�Š�•�’�˜�ð�1�Š�—�•�1�ž�—�’�•�˜�›�–�1�•�’�œ�•�›�’�‹�ž�•�’�˜�—�1�˜�•�1�•�‘�Ž�1���•�•�Ž�›�œ�1�’�—�1�•�‘�Ž�1�™�˜�•�¢�–�Ž�›�œ�1�ý�Y�X]. It can be possible to obtain 

���˜�•�¢�–�Ž�› Resin ���Ž�—�œ�’�•�¢�1�û�•�&�Œ�–3) ���Ž�—�œ�’�•�Ž�1�–�˜�•�ž�•�ž�œ�1�û�	���Š�üTensile strength (MPa)

Thermoset Epoxy �W�ï�X�.�W�ï�Z �X�ï�[�.�[�ï�V �[�V�.�W�W�V

Phenolic �W�ï�X�.�W�ï�Z �X�ï�]�.�Z�ï�W �Y�[�.�\�V

Polyester 1.1–1.4 1.6–4.1 35–95

Thermoplastic Polyamide 1.1 1.3–3.5 �[�[�.�_�V

PEEK 1.3–1.35 3.5–4.4 �W�V�V

PPS 1.3–1.4 3.4 �^�V

Table 2.�1���‘�Ž�1�œ�™�Ž�Œ�’���Œ�Š�•�’�˜�—�1�˜�•�1�•�‘�Ž�›�–�˜�œ�Ž�•�1�Š�—�•�1�•�‘�Ž�›�–�˜�™�•�Š�œ�•�’�Œ�1�–�Š�•�›�’�¡�1�ý�X�W].

�$�S�S�O�L�F�D�W�L�R�Q�V���R�I���*�O�D�V�V���)�L�E�H�U�V���L�Q�����'���3�U�H�I�R�U�P���&�R�P�S�R�V�L�W�H�V
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materials with high toughness values by producing nanocomposites with high nanoparticle 
ratio, homogeneous alignment, and high interface strength [ 33]. Interfacial bond properties 
between nanoparticle and matrix in the composite are active research subject in the research 
and development societies [31]. Nanosphere, single-walled, or multiwalled tubes were applied 
to the composites by dispersing the nanoparticles in the resin using various techniques such 
as shear mixing, ultrasonication, calendering, ball milling or ultrasonication-extrusion, and 
�•�›�Š�—�œ�•�Ž�›�,�™�›�’�—�•�’�—�•�ï�1���•�1�—�Š�—�˜���‹�Ž�›�œ�1� �Ž�›�Ž�1�ž�œ�Ž�•�ð�1�•�‘�Ž�¢�1� �Ž�›�Ž�1�Š�4�Š�Œ�‘�Ž�•�ð�1�•�›�˜� �—�ð�1�˜�›�1�•�›�Š�•�•�Ž�•�1�˜�—�•�˜�1���‹�Ž�›�œ�1
�˜�›�1�X���1�•�Š�‹�›�’�Œ�œ�ï�1���ž�•�•�1�•�Ž�Š�•�•�•�˜�–�Ž�›�Š�•�’�˜�—�1�˜�•�1�������œ�1�ž�œ�’�—�•�1�–�’�¡�Ž�›�œ�1�’�œ�1�•�’���Œ�ž�•�•�1�•�˜�1�Š�Œ�‘�’�Ž�Ÿ�Ž�ï�1�
�’�•�‘�1���˜� �1
�›�Š�•�Ž�œ�1 �Œ�›�Ž�Š�•�’�—�•�1 �‘�’�•�‘�,�œ�‘�Ž�Š�›�1 �•�˜�›�Œ�Ž�œ�1 �Œ�Š�ž�œ�Ž�1 � �Ž�•�•�1 �•�’�œ�•�›�’�‹�ž�•�’�˜�—�1 �˜�•�1 �Š�•�•�•�˜�–�Ž�›�Š�•�Ž�•�1 �������œ�ï�1 �
�˜� �Ž�Ÿ�Ž�›�ð�1
�•�‘�Ž�’�›�1 �‹�›�Ž�Š�”�Š�•�Ž�1 �’�œ�1 �—�˜�•�1 �Š�Ÿ�˜�’�•�Ž�•�1 �Š�—�•�1 �•�‘�Ž�1 �™�›�Ž�œ�Ž�—�Œ�Ž�1 �˜�•�1 �������1 �Š�•�•�•�˜�–�Ž�›�Š�•�Ž�œ�1 �’�œ�1 �ž�œ�ž�Š�•�•�¢�1 �˜�‹�œ�Ž�›�Ÿ�Ž�•�1
[34]. Various nanosized materials were developed by employing the up-to-date processing 
as silica is one of the most important and most studied oxide nanoparticle types. Due to its 
quite simple preparation, its chemical inertness, and the relatively inexpensive precursors, it 
became a prominent compound in academics and in commercial applications [�X�]]. Because of 
�’�•�œ�1�‘�’�•�‘�1�œ�™�Ž�Œ�’���Œ�1�Œ�˜�–�™�˜�—�Ž�—�•�1�˜�•�1�œ�ž�›�•�Š�Œ�Ž�1�Ž�—�Ž�›�•�¢�ð�1�œ�’�•�’�Œ�Š�1�‘�Š�œ�1�Š�1�œ�•�›�˜�—�•�Ž�›�1�•�Ž�—�•�Ž�—�Œ�¢�1�•�˜�1�Š�•�•�•�˜�–�Ž�›�Š�•�Ž�1
than carbon black [35]. Figure 3 shows the SEM (scanning electron microscope) micrograph 
of nanosilica and nano- and microcarbon spheres [�X�V].

���—�1�•�‘�Ž�1�™�Š�œ�•�1�•�Ž� �1�¢�Ž�Š�›�œ�ð�1�—�˜�Ÿ�Ž�•�1�–�Š�•�Ž�›�’�Š�•�œ�1�œ�ž�Œ�‘�1�Š�œ�1�Œ�Š�›�‹�˜�—�1�—�Š�—�˜�•�ž�‹�Ž�œ�1�û�������œ�ü�1�Š�—�•�1�›�Ž�•�Š�•�Ž�•�1�•�Ž�Œ�‘�—�˜�•�˜-
gies have posed a strong candidacy for providing an integrated approach toward enhanced 
structural integrity and multifunctionality [ 36�þ�ï�1 ���‘�Ž�1�•�Ž�Ÿ�Ž�•�˜�™�–�Ž�—�•�1�˜�•�1 �—�˜�Ÿ�Ž�•�1 �•�•�Š�œ�œ�1���‹�Ž�›�.�›�Ž�’�—-
�•�˜�›�Œ�Ž�•�1 �™�•�Š�œ�•�’�Œ�œ�1 �û�	�������œ�ü�1 � �’�•�‘�1 �Ž�•�Ž�Œ�•�›�’�Œ�Š�•�1 �Œ�˜�—�•�ž�Œ�•�’�Ÿ�’�•�¢�1 �‘�Š�œ�1 �˜�™�Ž�—�Ž�•�1 �ž�™�1 �—�Ž� �1 �˜�™�™�˜�›�•�ž�—�’�•�’�Ž�œ�1 �•�˜�›�1
damage sensing. Adding a small amount of carbon nanotubes to form an electrically conduc-
tive network is a promising approach to monitor damage initiation and propagation for glass 
���‹�Ž�›�.�›�Ž�’�—�•�˜�›�Œ�Ž�•�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1�ý37].

The pre-dispersed overcoating�1�˜�•�1�—�Š�—�˜�•�ž�‹�Ž�œ�1�Š�—�•�1�•�‘�Ž�1�™�›�˜�Œ�Ž�œ�œ�1�–�˜�•�’���Œ�Š�•�’�˜�—�œ�1�Š�•�•�˜� �1�’�–�™�›�˜�Ÿ�Ž-
�–�Ž�—�•�1 �˜�•�1 �•�‘�Ž�1 �’�—�•�Ž�›�•�Š�Œ�Ž�1 �™�›�˜�™�Ž�›�•�’�Ž�œ�1 �˜�•�1 �X���1 � �˜�Ÿ�Ž�—�1 ���,�•�•�Š�œ�œ�1 �Œ�˜�–�™�˜�œ�’�•�Ž�œ�1 �œ�’�—�Œ�Ž�1 �•�‘�Ž�1 �›�Ž�’�—�•�˜�›�Œ�Ž�–�Ž�—�•�1
�Ž���Ž�Œ�•�1 �˜�•�1 �—�Š�—�˜�•�ž�‹�Ž�œ�1 �˜�—�1 �£�,�•�’�›�Ž�Œ�•�’�˜�—�1 �ý38]. The amine functionalized carbon nanotubes had 
improved tensile strength compared to neat [ 39]. The modulus of composites is enhanced by 
the addition of silicon carbide nanoparticles by considering dispersion of these particles in 
resin, which highly depends on the coupling agents and dispersants [ �Z�V]. Moreover, the weak 

Figure 3.�1�������1 �–�’�Œ�›�˜�•�›�Š�™�‘�1 �˜�•�1 �œ�˜�–�Ž�1�—�Š�—�˜���•�•�Ž�›�œ�ï�1 �û�Š�ü�1���Š�—�˜�œ�’�•�’�Œ�Š�1�û�–�Š�•�—�’���Œ�Š�•�’�˜�—�1�[�V�ð�V�V�V�¼�ü�ò�1�û�‹�ü�1�—�Š�—�˜�Œ�Š�›�‹�˜�—�1�û�–�Š�•�—�’���Œ�Š�•�’�˜�—�1
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bonds at the interfaces of silicon carbide nanoparticles and resin lead to stress concentration 
rely on the particle geometry [41].
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fabrics, and nonwoven fabric. The most common fabric used in the textile structural compos -
�’�•�Ž�œ�1�’�œ�1�X���1� �˜�Ÿ�Ž�—�1�•�Š�‹�›�’�Œ�1�•�ž�Ž�1�•�˜�1�’�•�œ�1�–�˜�›�Ž�1�œ�•�Š�‹�•�Ž�1�™�›�˜�™�Ž�›�•�¢�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1�•�‘�Ž�1�”�—�’�4�Ž�•�1�•�Š�‹�›�’�Œ�ï�1���˜�1�•�˜�›�–�1
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�™�˜�’�—�•�œ�1�‹�Ž�•� �Ž�Ž�—�1� �Š�›�™�1�Š�—�•�1� �Ž�•�•�ð�1�’�•�œ�1�œ�•�›�ž�Œ�•�ž�›�Š�•�1�Œ�‘�Š�›�Š�Œ�•�Ž�›�’�œ�•�’�Œ�œ�1�‹�Ž�Œ�˜�–�Ž�1�–�˜�›�Ž�1�›�’�•�’�•�ð�1�•�Ž�œ�œ�1���Ž�¡�’�‹�•�Ž�ð�1
and more durable. Twill woven fabric has inclined paths from right to left or from left to right 
on the fabric surface due to its interlacements of warp and weft. In satin woven fabric, warp 
�‘�Š�œ�1�•�˜�—�•�1���˜�Š�•�œ�ð�1� �‘�’�Œ�‘�1�Š�›�Ž�1�Ž�Ÿ�Ž�—�•�¢�1�•�’�œ�•�›�’�‹�ž�•�Ž�•�1�•�‘�›�˜�ž�•�‘�1�•�‘�Ž�1�•�Š�‹�›�’�Œ�ï�1���•�1�‘�Š�œ�1�•�˜� �1�Œ�›�’�–�™�1�›�Š�•�’�˜�ï�1���‘�Ž�1
schematic views of weaves and microscopic view of E-glass plain woven fabrics are shown 
in Figure 4 [�X�V].

The schematic views of triaxial woven fabric and braided fabric are shown in Figure 5(a) and (b).  
As shown in Figure 5(a)�ð�1�•�›�’�Š�¡�’�Š�•�1� �Ž�Š�Ÿ�Ž�1�‘�Š�œ�1�•�‘�›�Ž�Ž�1�œ�Ž�•�œ�1�˜�•�1�¢�Š�›�—�1�Š�œ�1�¸�‹�’�Š�œ�ð�1�º�‹�’�Š�œ�ð�1�Š�—�•�1� �Ž�•�•�1�¢�Š�›�—�1�’�—�1
which these yarns take in interlacements [�Z�X]. This fabric has large gaps in the crossing region 
�˜�•�1� �Š�›�™�1�Š�—�•�1� �Ž�•�•�1�•�ž�Ž�1�•�˜�1�’�—�•�Ž�›�•�Š�Œ�Ž�–�Ž�—�•�œ�1�Š�—�•�1�’�•�1�›�Ž�œ�•�›�’�Œ�•�œ�1�•�˜�1�–�Š�”�Ž�1�•�Ž�—�œ�Ž�1�•�Š�‹�›�’�Œ�œ�1�•�ž�›�’�—�•�1�X���1� �˜�Ÿ�Ž�—�1
fabric formation  [44�þ�ï�1�X���1�‹�›�Š�’�•�Ž�•�1�•�Š�‹�›�’�Œ�1�‘�Š�œ�1�˜�—�Ž�1�¢�Š�›�—�1�œ�Ž�•�1�Š�œ�1�‹�›�Š�’�•�Ž�›�œ�ð�1� �‘�’�Œ�‘�1�‘�Š�Ÿ�Ž�1�¸�Œ�Ú�1�Š�—�•�1�.�Œ�Ú�1
orientations. As shown in Figure 5(b), these braider yarns are intertwined with each other to 
�–�Š�”�Ž�1�•�‘�Ž�1�X���1�‹�›�Š�’�•�Ž�•�1�•�Š�‹�›�’�Œ�1�œ�•�›�ž�Œ�•�ž�›�Ž�1�ý43].
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�˜�•�‘�Ž�›�1 �Š�—�•�1 �•�˜�1 �•�‘�Ž�1 �—�Ž�’�•�‘�‹�˜�›�’�—�•�1 �›�˜� �œ�1 �Š�—�•�1 �Œ�˜�•�ž�–�—�œ�1 �‹�¢�1 �Ÿ�Š�›�’�˜�ž�œ�1 �•�Ž�Œ�‘�—�’�š�ž�Ž�œ�ï�1 ���‘�Ž�1 �‹�Š�œ�’�Œ�1 �”�—�’�4�’�—�•�1
�•�¢�™�Ž�œ�1�Š�›�Ž�1� �Ž�•�•�1�”�—�’�4�’�—�•�1�ûFigure 6a�ü�1�Š�—�•�1� �Š�›�™�1�”�—�’�4�’�—�•�1�ûFigure 6b) [45].

Figure 4.�1���‘�Ž�1�œ�Œ�‘�Ž�–�Š�•�’�Œ�1�Ÿ�’�Ž� �œ�1�˜�•�1� �Ž�Š�Ÿ�Ž�œ�1�Š�—�•�1�–�’�Œ�›�˜�œ�Œ�˜�™�’�Œ�1�Ÿ�’�Ž� �1�˜�•�1���,�•�•�Š�œ�œ�1�™�•�Š�’�—�1� �˜�Ÿ�Ž�—�1�•�Š�‹�›�’�Œ�œ�ï�1�û�Š�ü�1�™�•�Š�’�—�ò�1�û�‹�ü�1�•� �’�•�•�ò�1�û�Œ�ü�1�œ�Š�•�’�—�ò�1
and (d) E-glass plain woven fabric [ �X�V].
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���‘�Ž�1�ž�—�’�Š�¡�’�Š�•�1�”�—�’�4�Ž�•�1�•�Š�‹�›�’�Œ�1�’�œ�1�Š�1�œ�™�Ž�Œ�’�Š�•�1�•�¢�™�Ž�1�•�˜�˜�™�Ž�•�1�”�—�’�4�Ž�•�1�•�Š�‹�›�’�Œ�ï�1���•�1�‘�Š�œ�1�‹�’�•�1�•�Š�™�œ�ð�1� �‘�’�Œ�‘�1�•�Ž�Š�•�1�•�˜�1
�•�˜� �1���‹�Ž�›�,�Ÿ�˜�•�ž�–�Ž�,�•�›�Š�Œ�•�’�˜�—�œ�ð�1�‘�’�•�‘�,�Ž�•�˜�—�•�Š�•�’�˜�—�ð�1�Š�—�•�1�•�˜� �1�œ�•�’���—�Ž�œ�œ�ï�1���Ž�Œ�Š�ž�œ�Ž�1�˜�•�1�•�‘�Ž�œ�Ž�1�›�Ž�œ�•�›�’�Œ�•�’�˜�—�œ�ð�1
�œ�˜�–�Ž�1�œ�•�›�ž�Œ�•�ž�›�Š�•�1�–�˜�•�’���Œ�Š�•�’�˜�—�œ�1� �Ž�›�Ž�1�™�Ž�›�•�˜�›�–�Ž�•�1�‹�¢�1�Š�•�•�’�—�•�1�’�—�•�Š�¢�1�¢�Š�›�—�œ�1�Ž�’�•�‘�Ž�›�1�’�—�1�•�Š�‹�›�’�Œ�1�•�Ž�—�•�•�‘�1
(Figure 6(d) and (e)) or width ( Figure 6(c) and (f) �ü�ï�1���‘�Ž�1�•�Ž�—�œ�’�•�Ž�1�œ�•�›�Ž�—�•�•�‘�œ�1�˜�•�1�ž�—�’�Š�¡�’�Š�•�1�”�—�’�4�Ž�•�1
fabric composites improved in the direction of inlaid [46].

���’�Š�¡�’�Š�•�1�”�—�’�4�Ž�•�1�•�Š�‹�›�’�Œ�1�’�œ�1�–�Š�—�ž�•�Š�Œ�•�ž�›�Ž�•�1�‹�¢�1�’�—�•�›�˜�•�ž�Œ�’�—�•�1�•�‘�Ž�1� �Š�›�™�1�û�V�Ú�ü�ð�1� �Ž�•�•�1�û�_�V�Ú�ü�ð�1�˜�›�1�•�’�Š�•�˜�—�Š�•�1
�û�¹�Z�[�Ú�ü�1�¢�Š�›�—�œ�1�’�—�•�˜�1�•�‘�Ž�1� �Ž�•�•�1�ûFigure 6(g)�ü�1�˜�›�1� �Š�›�™�1�”�—�’�4�Ž�•�1�•�Š�‹�›�’�Œ�œ�ð�1� �‘�’�Œ�‘�1�›�Ž�œ�ž�•�•�Ž�•�1�Š�œ�1�•�‘�Ž�1�’�–�™�›�˜�Ÿ�Ž�•�1
mechanical properties of composites at the inlaid directions [ 48]. Nonwoven fabric is a web 
�œ�•�›�ž�Œ�•�ž�›�Ž�1�–�Š�•�Ž�1�ž�™�1�˜�•�1�œ�‘�˜�›�•�1���‹�Ž�›�œ�1�•�‘�Š�•�1�Š�›�Ž�1�‘�Ž�•�•�1�•�˜�•�Ž�•�‘�Ž�›�1�‹�¢�1�Ÿ�Š�›�’�˜�ž�œ�1�•�Ž�Œ�‘�—�’�š�ž�Ž�œ�1�ý49]. Nonwoven 
manufacture is that it is generally done in one continuous process directly from the raw mate -
�›�’�Š�•�1�•�˜�1�•�‘�Ž�1���—�’�œ�‘�Ž�•�1�•�Š�‹�›�’�Œ�1�ý�[�V]. Figure 7 shows the view of nonwoven glass mat [51].
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�˜� �Ž�Ÿ�Ž�›�ð�1�ž�—�’�•�’�›�Ž�Œ-
�•�’�˜�—�Š�•�1���‹�Ž�›�1�Œ�˜�–�™�˜�œ�’�•�Ž�1�’�œ�1�Š�—�1�Š�¡�’�Š�•�•�¢�1�˜�›�’�Ž�—�•�Ž�•�1�™�•�Š�—�Š�›�1�œ�•�›�ž�Œ�•�ž�›�Ž�ï�1���˜�•�‘�1�œ�ž���Ž�›�1�•�›�˜�–�1�Š�1�•�Ž�•�Š�–�’�—�Š�•�’�˜�—�ï�1
3D fabric preforms have been developed to make the delamination free composite.

���•�’�•�Œ�‘�’�—�•�1�Œ�Š�—�1�‹�Ž�1�ž�œ�Ž�•�1�•�˜�1�–�Š�”�Ž�1�Y���1�•�Š�‹�›�’�Œ�œ�1�ž�œ�’�—�•�1�•�‘�Ž�1�X���1� �˜�Ÿ�Ž�—�1�•�Š�‹�›�’�Œ�1�ý�[�X]. 3D stitched fabric 
�’�œ�1�–�Š�—�ž�•�Š�Œ�•�ž�›�Ž�•�1�‹�¢�1�œ�•�’�•�Œ�‘�’�—�•�1�X���1�•�Š�‹�›�’�Œ�1�•�Š�¢�Ž�›�œ�1�’�—�1�•�‘�’�Œ�”�—�Ž�œ�œ�1�•�’�›�Ž�Œ�•�’�˜�—�ï�1���•�1�Œ�Š�—�1�‹�Ž�1�œ�•�’�•�Œ�‘�Ž�•�1�Š�•�1�˜�—�Ž�1
�•�’�›�Ž�Œ�•�’�˜�—�1�û�V�Ú�ü�ð�1�•� �˜�1�•�’�›�Ž�Œ�•�’�˜�—�œ�1�û�V�Ú�1�Š�—�•�1�_�V�Ú�ü�ð�1�Š�—�•�1�•�˜�ž�›�1�•�’�›�Ž�Œ�•�’�˜�—�œ�1�û�V�Ú�ð�1�_�V�Ú�ð�1�Š�—�•�1�¹�‹�’�Š�œ�ü�1�Š�œ�1�œ�‘�˜� �—�1
in Figures 8 and 9. Stitching can be made by sewing machine. The lock stitching is generally 
used in stitched preform fabrication for composites [53, 54].

Figure 5. Schematic views of triaxial woven and braided fabrics. (a) Triaxial woven fabric and (b) braided fabric [ �Z�X, 43].
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[45–47].
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3D orthogonal woven fabric has three yarn sets as warp, weft, and z-yarn (Figure 10(a)). These 
yarn sets are interlaced to one another and oriented in three orthogonal directions to form the 
fabric [59]. Warp yarns are placed in the direction of the fabric length, while the weft yarns are 
inserted between the warp layers to form double picks. Z-yarns lock the other two yarn sets 
and provide structural integrity [48]. Figure 10(a–d) shows some of the 3D fabrics [55–58].

Figure 7. Nonwoven glass mat [51].
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Figure 9. Schematic view of multistitched yarn paths. (a) Machine multistitched yarn path and (b) hand multistitched 
yarn path [54].
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A multiaxis 3D woven fabric, method, and machine were developed by Mohamed and Bilisik 
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±Bias yarns are placed on the front face and back face. These yarns are locked to the other yarn 
sets by the z-yarns (Figure 10(b)). Multiaxis 3D circular woven fabric, method, and machine 
were developed by Bilisik. The 3D circular woven fabric has axial and radial yarns along with 
circumferential and ±bias yarns (Figure 10(c)�ü�ï�1���¢�•�’�—�•�›�’�Œ�Š�•�1�™�›�Ž�•�˜�›�–�1�Œ�Š�—�1�‹�Ž�1�–�Š�•�Ž�1� �’�•�‘�1�•�‘�’�—�1�Š�—�•�1
thick wall sections depending upon end-use requirements [ 61]. In multiaxis 3D braided fabric, 
braider yarns are intertwined with the axial yarns, whereas ±bias yarns are oriented at the 
surface of the structure and locked by the radial yarns to the other yarn sets (Figure 10(d)). The 
properties of the multiaxial 3D braided structure in the transverse direction can be enhanced 
�Š�—�•�1�•�‘�Ž�1�—�˜�—�ž�—�’�•�˜�›�–�’�•�¢�1�’�—�1�•�‘�Ž�1�•�’�›�Ž�Œ�•�’�˜�—�Š�•�1���˜�’�œ�œ�˜�—���œ�1�›�Š�•�’�˜�œ�1�Œ�Š�—�1�‹�Ž�1�•�Ž�Œ�›�Ž�Š�œ�Ž�•�1�ý58, �\�X].
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shows the schematic views of some of the composite fabrication techniques [�X�V, 63].

Hand layup is the most commonly used composite fabrication method. It is still preferred 
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materials. The fabric layers are laid according to the desired thickness, and after each layer is 
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cured at room temperature and removed from the mold ( Figure 11(a)). Resin transfer mold 
(RTM) is a recently introduced composite fabrication method to produce near-net shape parts. 
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[63�þ�ò�1�Š�—�•�1�û�Œ�ü�1�Ÿ�Š�Œ�ž�ž�–�,�Š�œ�œ�’�œ�•�Ž�•�1�›�Ž�œ�’�—�1�•�›�Š�—�œ�•�Ž�›�1�–�˜�•�•�’�—�•�1�ý�X�V].

Figure 10. Some of the 3D fabrics. (a) 3D woven carbon fabric [55�þ�ò�1�û�‹�ü�1�–�ž�•�•�’�Š�¡�’�œ�1�Y���1� �˜�Ÿ�Ž�—�1�Œ�Š�›�‹�˜�—�1�•�Š�‹�›�’�Œ�1�ý56�þ�ò�1�û�Œ�ü�1�–�ž�•�•�’�Š�¡�’�œ�1
3D circular woven aramid fabric [57 �þ�ò�1�Š�—�•�1�û�•�ü�1�–�ž�•�•�’�Š�¡�’�œ�1�Y���1�‹�›�Š�’�•�Ž�•�1�Œ�˜�—�’�Œ�Š�•�1�Š�›�Š�–�’�•�1�•�Š�‹�›�’�Œ�1�ý58].
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The preform is placed in the gap between the molds. Then, the mold is closed and the gaps in 
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high pressure. The part is removed from the molds after curing ( Figure 11(b)). The vacuum-
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3D glass woven preforms improve the out-of-plane properties of the composites. 3D stitched 
woven preforms also enhance the out-of-plane properties without decreasing the in-plane 
properties of the composite [64]. It is pointed out that the fracture mechanism of the stitched 
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�œ�•�›�ž�Œ�•�ž�›�Ž�1�’�œ�1�—�˜�•�1 �œ�’�•�—�’���Œ�Š�—�•�•�¢�1�Š���Ž�Œ�•�Ž�•�1 �‹�¢�1 �•�‘�Ž�1�œ�•�’�•�Œ�‘�’�—�•�1 �ý65]. The tensile strengths of stitched 
composite, in which twisted stitching yarns are utilized, is lower compared to the stitched 
composite having with untwisted stitching yarns [ 66]. It is demonstrated that stitching pre -
vents the crack propagation [66, 67]. The stitching causes local irregularities and undula -
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in-plane properties of the composite [ 68, 69]. In unstitched composites, delamination-based 
cracks are observed as a form of layer separation. However, in stitched composites, mode-
I failure is improved and catastrophic delamination is eliminated in which the composite 
becomes damage tolerance material. It is stated that the tensile strength of stitched compos-
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to 64.1 MPa. The tensile strengths of four directional densely stitched composite is almost  
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tions, respectively. These results show that when the stitching direction and stitching density 
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tensile strengths of the unstitched composites are higher than those in the multistitched com-
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those of the unstitched composites at warp and weft directions, respectively. The warp-weft 
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than those of the unstitched composites at warp and weft directions, respectively. However, 
the warp-weft damaged areas of four directional densely stitched composite after tensile fail -
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directions, respectively. The warp and weft directional damaged areas of multistitched com -
posites decrease when the stitching directions in the out-of-plane of the structure increased. 
Therefore, the stitching yarns lock the in-plane directional warp and weft yarns in the layered 
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ites decreases with the increase of the stitching direction and stitching density [�]�V].
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nanocomposites are higher than those of the stitched composites since the stitching perhaps 
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the unstitched composites at warp and weft directions, respectively. On the other hand, the 
warp and weft directional damaged areas of the unstitched composites are higher than mul -
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structures increases the damage tolerance [�]�X]. One of the critical property of the stitched 
composite is also through-the-thickness directional shearing. The short-beam strengths of 
hand-stitched composites in the warp and weft direction increase slightly as the stitching 
direction increased from two directions to four directions. In addition, the warp and weft 
directional short-beam strengths of machine-stitched structures with high-modulus stitching 
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low-modulus stitching yarns (Nylon 6.6) [ 73]. The tensile and impact behaviors of stitched 
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ness direction increases impact damage tolerance especially at low temperatures. It is claimed 
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not degraded by the stitching parameters, whereas the tensile and compression strength and 
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strengths than the integrally woven composite [ 75]. In addition, it is found that the strength 
of overlap joint during preforming is improved by using high-density chain stitching [ 76]. 
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unstitched woven composite due to weak resin-rich regions around the stitch loops. Densely 
stitched composite with more stitched-induced matrix cracks upon impact loading is due to 
the presence of weak resin-rich pockets around the stitching yarns [77–�^�V]. The noncrimp 
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ite demonstrated an anisotropic behavior. Stitching in the noncrimp carbon fabric has only 
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type (silicate or carbon or metal), the material particle size (nano or micro), amount of materi -
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the damaged areas of composites. Figure 12 shows the damaged areas of composite after low-
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on front and back faces, respectively [�^�X].
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composites. The multistitching suppresses the impact energy relatively at a small area of the 
composite. In addition, adding the nanomaterial to the multistitched structure can further 
enhance the damage resistance performance [�^�X].
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properties of usage areas as space, aerospace, automobile, energy, marine, electronic compo-
nents, and defense-related special areas. The composites are designed according to service 
�Ž�—�Ÿ�’�›�˜�—�–�Ž�—�•�œ�1�˜�•�1�ž�œ�Š�•�Ž�1�Š�›�Ž�Š�œ�1�’�—�1�–�Ž�Œ�‘�Š�—�’�Œ�Š�•�ð�1�’�–�™�Š�Œ�•�ð�1���Š�–�–�Š�‹�’�•�’�•�¢�ð�1�Š�—�•�1�Ž�•�Ž�Œ�•�›�’�Œ�Š�•�1�™�›�˜�™�Ž�›�•�’�Ž�œ�ï

�\�ï�W�ï�1���Ÿ�’�Š�•�’�˜�—�1�Š�—�•�1�Š�Ž�›�˜�œ�™�Š�Œ�Ž

���•�•�‘�˜�ž�•�‘�1�•�‘�Ž�1�Ÿ�˜�•�ž�–�Ž�œ�1�˜�•�1���‹�Ž�›�,�›�Ž�’�—�•�˜�›�Œ�Ž�•�1�™�˜�•�¢�–�Ž�›�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1�ž�œ�Ž�•�1�•�˜�›�1�Š�’�›�Œ�›�Š�•�•�1�Š�™�™�•�’�Œ�Š�•�’�˜�—�œ�1� �Ž�›�Ž�1�Š�1
relatively small percentage, they found their most advanced applications in the fabrication of civil 
or military aircrafts [ 83�þ�ï�1���˜�›�1�’�—�œ�•�Š�—�Œ�Ž�ð�1�•�‘�Ž�1���˜�Ž�’�—�•�1�]�^�]�1�–�Š�•�Ž�1�•�Š�›�•�Ž�1�ž�œ�Ž�1�˜�•�1�Œ�˜�–�™�˜�œ�’�•�Ž�1�–�Š�•�Ž�›�’�Š�•�œ�1�’�—�1�’�•�œ�1
airframe and primary structure. The use of composites, especially in the highly tension-loaded 

Figure 12. Damaged areas of composite after low-velocity impact test [�^�X].
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part of the fuselage, greatly reduced maintenance labor and cost. Figure 13 shows the percent-
ages of used composite materials along with metals in commercial civilian airplane (Boeing 787) 
[84�þ�ï�1���¢�™�’�Œ�Š�•�1�•�•�Š�œ�œ�1���‹�Ž�›�.�›�Ž�’�—�•�˜�›�Œ�Ž�•�1�Œ�˜�–�™�˜�œ�’�•�Ž�1�Š�™�™�•�’�Œ�Š�•�’�˜�—�œ�1�’�—�1�Š�’�›�Œ�›�Š�•�•�1� �Ž�›�Ž�1�Ž�—�•�’�—�Ž�1�Œ�˜� �•�’�—�•�œ�ð�1�•�ž�•-
gage racks, instrument enclosures, bulkheads, ducting, storage bins, and antenna enclosures. In 
addition, it was also widely used in ground-handling equipment [ 85].

�\�ï�X�ï�1���ž�•�˜�–�˜�•�’�Ÿ�Ž

�	�•�Š�œ�œ�1���‹�Ž�›�1�Œ�˜�–�™�˜�œ�’�•�Ž�1�ž�œ�Ž�•�1�’�—�1�Š�ž�•�˜�–�˜�•�’�Ÿ�Ž�1�’�œ�1�™�›�’�–�Š�›�’�•�¢�1�•�›�’�Ÿ�Ž�—�1�‹�¢�1�•�‘�Ž�1�•�Ž�–�Š�—�•�1�•�˜�›�1�•�’�•�‘�•� �Ž�’�•�‘�•�1
�Œ�˜�–�™�˜�—�Ž�—�•�œ�ð�1�•�ž�Ž�•�1�Ž���Œ�’�Ž�—�Œ�¢�ð�1�Š�—�•�1�›�Ž�Œ�¢�Œ�•�’�—�•�1�ý86�þ�ï�1���‘�Ž�1�•� �˜�1�–�˜�œ�•�1�Œ�˜�–�–�˜�—�1�•�¢�™�Ž�œ�1�˜�•�1�•�•�Š�œ�œ�1���‹�Ž�›�œ�1
�ž�œ�Ž�•�1�’�—�1�Š�ž�•�˜�–�˜�•�’�Ÿ�Ž�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1� �Ž�›�Ž�1�•�‘�Ž�1���,�•�•�Š�œ�œ�ð�1� �‘�’�Œ�‘�1� �Š�œ�1�Œ�˜�œ�•�,�Ž���Ž�Œ�•�’�Ÿ�Ž�1�Š�—�•�1�‘�Š�•�1�•�˜�˜�•�1�•�Ž�—-
�œ�’�•�Ž�1�™�›�˜�™�Ž�›�•�’�Ž�œ�ï�1���Ž�Œ�˜�—�•�1�˜�—�Ž�1� �Š�œ�1���,�•�•�Š�œ�œ�ð�1� �‘�’�Œ�‘�1�‘�Š�•�1�Z�V�–�1�‘�’�•�‘�Ž�›�1�•�Ž�—�œ�’�•�Ž�1�™�›�˜�™�Ž�›�•�’�Ž�œ�1�Œ�˜�–�™�Š�›�Ž�•�1�•�˜�1
the E-glass. But, it was expensive [87�þ�ï�1���•�•�1�•�•�Š�œ�œ�1���‹�Ž�›�.�‹�Š�œ�Ž�•�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1� �Ž�›�Ž�1�ž�œ�Ž�•�1�’�—�1�Š�ž�•�˜�–�˜-
tive as primary or secondary structural parts of interior headliner, underbody system, and air 
intake manifold, instrument panel, bumper beam, and engine cover [ 88]. Figure 14 shows the 
�•�•�Š�œ�œ�1���‹�Ž�›�.�‹�Š�œ�Ž�•�1�Œ�˜�–�™�˜�œ�’�•�Ž�1�™�Š�—�Ž�•�œ�1�’�—�1�Œ�Š�›�1�Š�—�•�1�•�›�ž�Œ�”�œ�1�ý63].

�\�ï�Y�ï�1���˜�Š�•�œ�1�Š�—�•�1�–�Š�›�’�—�Ž

�	�•�Š�œ�œ�1���‹�Ž�›�1�‹�˜�•�‘�1�Œ�˜�—�•�’�—�ž�˜�ž�œ�1�������1�˜�›�1�•�’�œ�Œ�˜�—�•�’�—�ž�˜�ž�œ�1�œ�‘�˜�›�•�1�•�˜�›�–�œ�1�‘�Š�œ�1�‹�Ž�Ž�—�1�•�‘�Ž�1�–�Š�’�—�1�–�Š�•�Ž�›�’�Š�•�1
for the recreational boating industry, which was employed as hulls with a minimum number 
�˜�•�1 �Š�œ�œ�Ž�–�‹�•�Ž�•�1 �™�Š�›�•�œ�ï�1 �	�•�Š�œ�œ�1���‹�Ž�›�.�‹�Š�œ�Ž�•�1 �Œ�˜�–�™�˜�œ�’�•�Ž�œ�1�‘�Š�Ÿ�Ž�1�•�Š�’�—�Ž�•�1 �Š�Œ�Œ�Ž�™�•�Š�—�Œ�Ž�1�’�—�1�™�•�Ž�Š�œ�ž�›�Ž�1�Œ�›�Š�•�•�1
because of light weight, vibration damping, corrosion resistance, impact resistance, low con-
�œ�•�›�ž�Œ�•�’�˜�—�1�Œ�˜�œ�•�œ�ð�1�Š�—�•�1�Ž�Š�œ�Ž�1�˜�•�1�•�Š�‹�›�’�Œ�Š�•�’�˜�—�ð�1�–�Š�’�—�•�Ž�—�Š�—�Œ�Ž�ð�1�Š�—�•�1�›�Ž�™�Š�’�›�ï�1���ž�›�›�Ž�—�•�1�•�Ž�Š�•�’�—�•�,�Ž�•�•�Ž�1�–�Š�—�ž-
facturing technologies were driven by racing vessels, both power and sail [85, 89].

Figure 13.�1���˜�–�™�˜�œ�’�•�Ž�1�–�Š�•�Ž�›�’�Š�•�œ�1�ž�œ�Ž�•�1�’�—�1�Œ�’�Ÿ�’�•�’�Š�—�1�Š�’�›�Œ�›�Š�•�•�1�û���˜�Ž�’�—�•�1�]�^�]�ü�1�ý84].
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6.4. Electronics

�	�•�Š�œ�œ�1���‹�Ž�›�&�Ž�™�˜�¡�¢�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1�‘�Š�Ÿ�Ž�1�‹�Ž�Ž�—�1�•�‘�Ž�1�•�˜�ž�—�•�Š�•�’�˜�—�Š�•�1�œ�•�›�ž�Œ�•�ž�›�Š�•�1�œ�ž�‹�œ�•�›�Š�•�Ž�1�’�—�1�™�›�’�—�•�Ž�•�1�Œ�’�›�Œ�ž�’�•�1
�‹�˜�Š�›�•�œ�1�œ�’�—�Œ�Ž�1�W�_�^�V�ï�1���‘�Ž�¢�1�œ�ž�™�™�˜�›�•�Ž�•�1�•�‘�Ž�1�•�›�Š�—�œ�’�œ�•�˜�›�œ�ð�1�›�Ž�œ�’�œ�•�˜�›�œ�ð�1�Š�—�•�1�’�—�•�Ž�•�›�Š�•�Ž�•�1�Œ�’�›�Œ�ž�’�•�œ�1�Š�•�1�Š�•�•�1�•�’�•�’-
�•�Š�•�1�•�Ž�Œ�‘�—�˜�•�˜�•�’�Ž�œ�ï�1�	�•�Š�œ�œ�1�Œ�˜�–�™�˜�œ�’�•�Ž�1�‹�˜�Š�›�•�1�Œ�˜�—�—�Ž�Œ�•�Ž�•�1�•�‘�Ž�–�1�Ž�•�Ž�Œ�•�›�’�Œ�Š�•�•�¢�1�Ÿ�’�Š�1�Œ�˜�—�•�ž�Œ�•�’�Ÿ�Ž�1�™�Š�•�‘� �Š�¢�œ�1
etched or printed on their surfaces [�_�V]. They were also used as insulators for high-voltage 
energy cabin components, a cable, or cable-coated material to transit the electrical energy [91].

6.5. Wind energy

���—�1�•�‘�Ž�1�œ�Ž�Œ�•�˜�›�1�˜�•�1�Ž�—�Ž�›�•�¢�1�•�Ž�—�Ž�›�Š�•�’�˜�—�ð�1�•�•�Š�œ�œ�1���‹�Ž�›�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1� �Ž�›�Ž�1�ž�•�’�•�’�£�Ž�•�1�’�—�1�–�Š�—�ž�•�Š�Œ�•�ž�›�’�—�•�1� �’�—�•�1
generators. The blades of the generators were generally made of epoxy resins reinforced with glass 
�˜�›�1�Œ�Š�›�‹�˜�—�1���‹�Ž�›�œ�ï�1���‘�Ž�’�›�1�‘�’�•�‘�1�–�Ž�Œ�‘�Š�—�’�Œ�Š�•�1�œ�•�›�Ž�—�•�•�‘�1�Š�—�•�1�–�˜�•�ž�•�ž�œ�1�–�Š�•�Ž�1�•�‘�Ž�–�1�Š�4�›�Š�Œ�•�’�Ÿ�Ž�1�–�Š�•�Ž�›�’�Š�•�1�•�˜�›�1
the wind blade in turbine generators [ �X�\]. Figure 15 shows the wind blades placed in the sea [�_�X].

6.6. Ballistic

�X���1���X�,�•�•�Š�œ�œ�1�•�Š�‹�›�’�Œ�1�Š�—�•�1�Y���1���X�,�•�•�Š�œ�œ�1�™�›�Ž�•�˜�›�–�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1� �Ž�›�Ž�1�Ž�–�™�•�˜�¢�Ž�•�1�’�—�1�‹�Š�•�•�’�œ�•�’�Œ�1�Š�›�–�˜�›�ï�1�Y���1
���X�,�•�•�Š�œ�œ�1�‹�Š�•�•�’�œ�•�’�Œ�1�™�•�Š�•�Ž�1�‘�Š�œ�1�‹�Ž�4�Ž�›�1�Ž�—�Ž�›�•�¢�1�Š�‹�œ�˜�›�™�•�’�˜�—�1�™�›�˜�™�Ž�›�•�’�Ž�œ�1�•�ž�Ž�1�•�˜�1�£�,�¢�Š�›�—�1�’�—�œ�Ž�›�•�’�˜�—�1�’�—�1�•�‘�Ž�1
through-the-thickness direction. This provided additional energy absorbing as a mechanism 
�˜�•�1�‘�’�•�‘�,�œ�•�›�Š�’�—�1�’�—�•�Ž�›�•�Š�¢�Ž�›�1�•�Ž�•�˜�›�–�Š�•�’�˜�—�œ�ï�1���—�1�Š�•�•�’�•�’�˜�—�ð�1�X���1���X�,�•�•�Š�œ�œ�1�•�Š�‹�›�’�Œ�1�™�•�Š�•�Ž�1� �’�•�‘�1�˜�›�1� �’�•�‘�˜�ž�•�1

Figure 14.�1�	�•�Š�œ�œ�1���‹�Ž�›�.�›�Ž�’�—�•�˜�›�Œ�Ž�•�1�Œ�˜�–�™�˜�œ�’�•�Ž�1�‹�˜�•�¢�1�™�Š�—�Ž�•�œ�1�•�˜�›�1�•�›�ž�Œ�”�1�Š�—�•�1�Œ�Š�›�1�ý63].

Figure 15. Wind blades placed in the sea [�_�X].
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�œ�•�’�•�Œ�‘�’�—�•�1�˜�›�1�Y���1���X�,�•�•�Š�œ�œ�1�™�›�Ž�•�˜�›�–�1�Œ�˜�–�™�˜�œ�’�•�Ž�1�™�•�Š�•�Ž�1�‘�Š�œ�1�Œ�Ž�›�•�Š�’�—�1�œ�™�Ž�Œ�’���Œ�1�Ž�—�Ž�›�•�¢�,�Š�‹�œ�˜�›�‹�’�—�•�1�Š�•�Ÿ�Š�—-
tages over the ceramic or metal armor plate. Figure 16�1�œ�‘�˜� �œ�1�•�‘�Ž�1�•�•�Š�œ�œ�1���‹�Ž�›�.�‹�Š�œ�Ž�•�1�‹�Š�•�•�’�œ�•�’�Œ�1
plate and bulletproof jacket [ �X�\, 93, 94].

7. Future trends

���’�Š�¡�’�Š�•�1�X���1� �˜�Ÿ�Ž�—�1�•�Š�‹�›�’�Œ�œ�1�‘�Š�Ÿ�Ž�1�‹�Ž�Ž�—�1� �’�•�Ž�•�¢�1�ž�œ�Ž�•�1�Š�œ�1�œ�’�–�™�•�Ž�1�Š�—�•�1�Œ�˜�–�™�•�Ž�¡�,�œ�‘�Š�™�Ž�•�1�œ�•�›�ž�Œ�•�ž�›�Š�•�1
composite parts in various technical areas. In addition, biaxial weaving methods and tech -
niques are well developed. 3D glass fabrics have multiple layers and show no delamination. 
�Y���1� �˜�Ÿ�Ž�—�1�•�•�Š�œ�œ�1�™�›�Ž�•�˜�›�–�1�Š�œ�1� �Ž�•�•�1�Š�œ�1�–�ž�•�•�’�•�Š�¢�Ž�›�Ž�•�1�œ�•�’�•�Œ�‘�Ž�•�1�•�Š�‹�›�’�Œ�œ�1� �’�•�•�1�‹�Ž�1�Ž�¡�™�Š�—�•�Ž�•�1�’�—�1�•�‘�Ž�1���Ž�•�•�1
of especially marine and industrial applications as a form of composite structure. However, 
the multiaxis 3D weaving technique is at an early stage of development and needs to be fully 
automated. This will be a future technological challenge in the area of multiaxis 3D weaving.

8. Conclusion

���—�1�•�‘�’�œ�1�Œ�‘�Š�™�•�Ž�›�ð�1�•� �˜�1�•�’�–�Ž�—�œ�’�˜�—�Š�•�1�•�•�Š�œ�œ�1�•�Š�‹�›�’�Œ�1�û�X���ü�1�Š�—�•�1�•�‘�›�Ž�Ž�1�•�’�–�Ž�—�œ�’�˜�—�Š�•�1�û�Y���ü�1�•�•�Š�œ�œ�1�™�›�Ž�•�˜�›�–�œ�ð�1
�•�Š�‹�›�’�Œ�Š�•�’�˜�—�1�–�Ž�•�‘�˜�•�œ�ð�1�Š�—�•�1�Š�™�™�•�’�Œ�Š�•�’�˜�—�1�Š�›�Ž�Š�œ�1� �Ž�›�Ž�1�›�Ž�Ÿ�’�Ž� �Ž�•�ï�1�	�•�Š�œ�œ�1�•�Š�‹�›�’�Œ�œ�1� �Ž�›�Ž�1�›�Ž�Š�•�’�•�¢�1�Š�Ÿ�Š�’�•-
�Š�‹�•�Ž�1 �Š�—�•�1 �’�–�™�˜�›�•�Š�—�•�ð�1 �‹�ž�•�1 �•�‘�Ž�¢�1 � �Ž�›�Ž�1 �œ�™�Ž�Œ�’���Œ�1 �œ�Ž�•�–�Ž�—�•�Ž�•�1 �‹�Š�œ�’�Œ�1 �–�Š�•�Ž�›�’�Š�•�œ�ï�1 �X���1 ���,�•�•�Š�œ�œ�1 �•�Š�‹�›�’�Œ�œ�1
were traditionally employed in various industrial areas. 3D glass fabrics have multiple lay -
�Ž�›�œ�1�Š�—�•�1�—�˜�1�•�Ž�•�Š�–�’�—�Š�•�’�˜�—�1�•�ž�Ž�1�•�˜�1�˜�ž�•�,�˜�•�,�™�•�Š�—�Ž�1�•�’�›�Ž�Œ�•�’�˜�—�Š�•�1���‹�Ž�›�œ�ï�1���Š�›�’�˜�ž�œ�1�•�Ž�Œ�‘�—�’�š�ž�Ž�œ�1� �Ž�›�Ž�1�Š�•�œ�˜�1
developed for 3D glass preforms. 3D orthogonal and stitched as well as multiaxis 3D knit -
ted and 3D braided glass preforms are commercially available. On the other hand, various 
�ž�—�’�•�1�Œ�Ž�•�•�1�‹�Š�œ�Ž�1�–�˜�•�Ž�•�œ�1�˜�—�1�Y���1�•�•�Š�œ�œ�1�™�›�Ž�•�˜�›�–�1�Š�—�•�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�1� �Ž�›�Ž�1�•�Ž�Ÿ�Ž�•�˜�™�Ž�•�1�•�˜�1�•�Ž���—�Ž�1�•�‘�Ž�’�›�1
geometrical and mechanical properties. Multiaxis 3D glass fabrics have multiple layers, and 
their in-plane properties are enhanced due to the bias yarn layers. However, the multiaxis 

Figure 16.�1�	�•�Š�œ�œ�1���‹�Ž�›�.�‹�Š�œ�Ž�•�1�‹�Š�•�•�’�œ�•�’�Œ�1�™�•�Š�•�Ž�1�Š�—�•�1�‹�ž�•�•�Ž�•�™�›�˜�˜�•�1�“�Š�Œ�”�Ž�•�1�ý93].
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3D woven preform technique is at an early stage of development. Recently, 3D woven and 
�œ�•�’�•�Œ�‘�Ž�•�1�•�•�Š�œ�œ�1�™�›�Ž�•�˜�›�–�œ�1� �Ž�›�Ž�1�–�Š�•�Ž�1�‹�¢�1�Š�•�•�’�—�•�1�œ�’�—�•�•�Ž�1�˜�›�1�–�ž�•�•�’� �Š�•�•�Ž�•�1�—�Š�—�˜�•�ž�‹�Ž�œ�1�Š�—�•�1�—�Š�—�˜��-
bers to enhance their mechanical, thermal, and electrical properties. This will open up new 
material classes as well as application areas for near future.

�_�ï�1���˜�ž�›�Œ�Ž�œ�1�˜�•�1�•�ž�›�•�‘�Ž�›�1�’�—�•�˜�›�–�Š�•�’�˜�—�1�Š�—�•�1�Š�•�Ÿ�’�Œ�Ž

���Š�—�¢�1�œ�•�ž�•�’�Ž�œ�1�‘�Š�Ÿ�Ž�1�‹�Ž�Ž�—�1�Œ�Š�›�›�’�Ž�•�1�˜�ž�•�1�˜�—�1�•�‘�Ž�1�Œ�‘�Š�›�Š�Œ�•�Ž�›�’�£�Š�•�’�˜�—�1�Š�—�•�1�–�˜�•�Ž�•�’�—�•�1�˜�•�1�X���1�Š�—�•�1�Y���1�•�•�Š�œ�œ�1
preform composite structures, but limited information is available on the 3D fabric archi -
�•�Ž�Œ�•�ž�›�Ž�1�Š�—�•�1�—�Š�—�˜�Š�•�•�Ž�•�1�•�•�Š�œ�œ�1���‹�Ž�›�1�Œ�˜�–�™�˜�œ�’�•�Ž�œ�ï�1Recent literature and books can be useful for 
having more information on these areas as indicated in Refs. [95–97].
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